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ABSTRACT 



In order for infrared current detection methods to be 
useful, surface preparations must be applied to enhance the 
heat generation and infrared emissivity of the surface. 

The derivation of the required parameters of surface pre- 
parations for metals is presented and comparisons are made 
between experimentally determined and actual current dis- 
tributions . 
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I . INTRODUCTION 



A. FACTORS NECESSITATING SURFACE PREPARATIONS FOR 

INFRARED CURRENT DETECTION 

The surface currents developed in a scattering structure 

by electromagnetic radiation cause heating proportional to 
2 

I R and this heating produces temperature changes. LaVarre 
and Burton /~1_7, have shown that infrared detection tech- 
niques can be applied to determine the surface current by 
detecting the temperature profiles which arise as a result 
of these surface currents, and have also described the 
drastic reduction in time required for the measurements that 
was achieved by the infrared method. 

It has been shown that the applicability of this process 
is very dependent on the physical properties of the surface 
under investigation / — 2 Electrical and thermal conduc- 
tivity, the emissivity of the material in the infrared 
region and the relative smoothness of the surface are cri- 
tical factors. 

The infrared emissivity of the scattering object is the 
ratio of the emittance of the body in the infrared region of 
the spectrum to the emittance of an ideal radiator, or 
black body. It has a value less than one; the greater the 
value of infrared emissivity the better the infrared detec- 
tability of temperature distributions. As a first approxi- 
mation, the emissivity of a surface is equal to the absorp- 
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tion coefficient. The reflection coefficient is approxi- 
mately equal to one minus the emissivity / 3 _/• The re- 
flectivity is dependent on surface condition. Relative 
roughness, oxidation and contamination cause a surface to 
deviate from the conditions of an ideal reflector. Ade- 
quate theory to predict the effect of deviation of a surface 
from ideal conditions is not developed; therefore experi- 
mental methods are the only means of determining the re- 
flective properties of real surfaces / 4_/. Generally, 
rougher surfaces and darker surfaces are less reflective. 
Surfaces that are highly reflective in a particular region 
of the spectrum therefore have low emissivities in that 
region; and conversely, high emissivity in a region of the 
spectrum implies low reflectivity. Metals are substances 
which generally are highly reflective in the infrared 
region and are characterized by very low emissivities. For 
good conductors, the emissivity, , is given by 

e = .365 x 1 /~ 5 7 

x 7oT “ “ 

where \ is the wavelength and a is the conductivity in mhos 

per cm. This shows an emissivity inversely proportional to 

wavelength for a given conductor. 

The electrical conductivity has a critical impact on the 
detection process also. The heating and resultant tempera- 
ture profiles are proportional to the energy dissipation, 

. 2 

which is given by J /a where J is in amperes per square 
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meter, and a is in mhos per meter. Clearly, for large 
values of electrical conductivity there will be little 
energy dissipated in the material and therefore very little 
heating to be detected by infrared techniques. Poor con- 
ductors, then, seem to be more suitable as scattering ob- 
jects for infrared current detection. 

Thermal conductivity also must be considered. As sur- 
face current distributions produce heat distributions through- 
out the material, the surface will tend to uniformly distri- 
bute the heat. The rate at which the heating approaches a 
uniform distribution will be dependent on the thermal con- 
ductivity. A material with high thermal conductivity will 
tend to transfer the heat from warmer to cooler areas at a 
very rapid rate. Thus the heat will be distributed as 
quickly as it is produced by the currents and there will be 
no temperature profiles detectable. Therefore for purposes 
of infrared current detection, poor thermal conductors are 
more desirable as scattering objects than materials with 
high thermal conductivity. 

It can be seen that metals, particularly those used as 
electrical conductors, are not suitable as objects of study 
with infrared current detectivity. Materials such as 
copper, aluminum and silver are highly conductive both 
thermally and electrically, so the induced currents on a 
surface composed of one of these metals will produce very 
little heating. What little heat is produced will be very 
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rapidly and uniformly distributed over the surface of the 
metal due to the large value of thermal conductivity, k, 
for metals and the only detectable thermal change will be 
a very slight, uniform temperature rise on the metal's sur- 
face. 

Even this uniform temperature change will be difficult 
to detect with an infrared detector due to the low emissivity 
for metals in the infrared region of the spectrum. Typical 

values of the emissivity constant, e , for these metals are 

A 

.04 to .06 for polished aluminum, .02 for polished copper, 
and .02 for silver. 

There are many studies in antenna design and placement, 
electromagnetic scattering, and electromagnetic compatibi- 
lity where surface currents and charges must be determined. 

If the surface of metals could be treated or coated in such 
a way that made them suitable for infrared current detection 
techniques, this method of current determination could be 
directly applied to studies involving aircraft, ships, and 
other military equipment, or to metallic models of the equip- 
ment. Surface preparations of the appropriate thermal and 
electrical conductivity, emissivity, and reflectivity can 
be applied to nonmetallic models and yield accurate repre- 
sentations of the currents induced, as well. 

B. THESIS OBJECTIVES 

The goals of this work were to define the parameters of 
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suitable surface coatings so that infrared current detection 
methods could be applied to metal scattering objects, to 
determine what materials, if any, have these parameters, and 
to find suitable surface coatings for nonmetallic' scatterers , 
apply them to more complex shapes and compare the results 
with results obtained by other methods . 
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II. EXPERIMENTAL APPARATUS 



A. AGA THERMOVISION SYSTEM 680 

The AGA Thermovision System 680 is an infrared camera 
and detection system manufactured by AGA Infrared Systems 
AB of Sweden. This system has been thoroughly discussed by 
Selim / — 2_7 and will be described in more general terms in 
this discussion. The system uses an Indium Antimonide 
photovoltaic detector, cooled by liquid nitrogen to 77°K. 

The detector is sensitive to infrared radiation in the range 
of two to 5.6 micron wavelengths. 

The system scans the field of view using two octagonal 
prisms rotating on axes ninety degrees apart. The system 
processes the infrared radiation and produces real time, 
television-like displays on a color monitor and a black and 
white monitor. The system sensitivity is better than . 2°C 
at 30°C. The black and white monitor displays the tempera- 
ture profiles in white and shades of grey that progress 
towards black as the temperature decreases. The color moni- 
tor displays the temperature profiles in ten equal width 
color settings. The ordering of the colors from warmer to 
cooler can be adjusted by the operator to the arrangement 
that most clearly displays the information he is seeking. 

The system also includes a profile adaptor and display that 
displays the surface temperature cross section of any one of 
the horizontal scan lines, or all of the scan lines simul- 
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taneously on a diminished scale. The Thermovision system 
used in the laboratory was mounted on a tripod and the pro- 
cessing system was basically permanently mounted. However, 
AGA Infrared Systems also makes a Thermovision system that 
is entirely portable. 

B. THERMOVISION DISPLAY INTERPRETATION 

The Thermovision display has a temperature window with 
an adjustable width of from 1°C to 2000°C. This window can 
also be moved up or down the temperature scale as necessary, 
depending on the surface temperature of the object being 
viewed. The display divides this temperature window into 
ten different isotherms, the width of each isotherm being 
one tenth the width of the temperature window. On the color 
display, the color codes chosen by the operator are dis- 
played across the bottom of the screen, starting from the 
coolest at the left and going toward the warmest on the 
right. 

For permanent recording of information, a Polaroid camera 
can be attached to the front of the display. This camera 
produces color prints which have been converted to half tone 
black and white photographs for printing. 

All photographs in this report use either . 1°C isotherms 
or ,2°C isotherms, and will be identified as they appear. 

C . LABORATORY APPARATUS 

The power source used to irradiate the scattering objects 



14 



was a Sierra Electronics Model 470A, with 80 watts maximum 
power output. The power source was connected via an isola- 
tor, dual directional coupler, and a dual stub tuner to a 
monopole antenna one quarter wavelength long at 937.5 MHz. 
This antenna was mounter near one end of a 3.8 by 11.5 
wavelength (at 937.5 MHz) aluminum ground plane. A power 
meter was attached at the directional coupler's return port 
so that the reflected signal could be minimized by using the 
dual stub tuner. The operator was shielded from the antenna 
by a 60° corner reflector and by absorbing pads placed 
around the ground plane. The scattering objects were placed 
on the ground plane at a distance sufficiently far from the 
antenna so that the wave front was approximately plane. The 
half wavelength square flat plates were all placed 3.5 wave- 
lengths from the antenna, while the cylinders were observed 
at different distances from the antenna. All objects placed 
on the ground plane were taped with copper tape to insure 
uniform electrical connections. 

Since many of the resistive coatings commercially avail- 
able did not have their conductivity specified, it was neces- 
sary to devise a method of measuring electrical conductivity. 
The resistance of a sheet of material of thickness d and 
length and width 1 is given by R=l/ad ohms. This resistance 
is measured between parallel sides as a square of this 
material, with electrical contact made all along the entire 
side. This value can then be substituted into the equation 
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and the value of the conductivity , a, can be found. a has 
units of mhos per meter. Electrical contacts of sufficient 
length were manufactured and a square of the material in 
question was attached to them. The resistance could be 
measured with an ohmmeter and the value of a calculated. 

One commonly used method of specifying a material ' s 
resistance is in "ohms per square". The "ohms per square" 
of a material will be given for a particular thickness and 
this will be the value of the resistance, independent of 
the size of the square. A one centimeter square will have 
the same resistance between parallel sides (electrical con- 
tact the entire length of the side) as does a one meter 
square of the material. This can be more easily seen if 
one considers incremental rows of incremental squares 
connected in series, with the rows connected in parallel. 

It can be seen that if the number of rows equals the number 
of incremental squares of resistance, the resistance is in- 
dependent of the area of the total square. 
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III. SURFACE PREPARATIONS FOR METALS 



A. USE OF OXIDE COATINGS AS A SURFACE PREPARATION FOR 

METAL SURFACES 

Studies by Bramson / — 5 _7 show that oxide coating on the 
surface of some metals greatly enhance the infrared emissi- 
vity of these surfaces. A graph prepared by Ozisik, based 
on data from Gubareff, Janssen, and Torborg, /~ 4 _J showing 
the effects of oxidation and temperature on the emissivity 
of metal surfaces is presented in Figure 1. Copper and 
brass are among those metals whose infrared properties are 
improved. The infrared emissivity of polished copper at 
room temperatures is .07, while for heavy layers of copper 
oxide, emissivity increases to .6 to .8 in the infrared 
region. For brass, with an emissivity of .06, the forma- 
tion of a heavy oxide coating raises the emissivity to .61. 
Aluminum, on the other hand, has an especially low emissivity 

(e = .04) and with heavy oxidation increases only to .2. 

A 

Therefore, efforts to apply these findings to improving in- 
frared current detection techniques concentrated on copper 
and brass. 

Data provided by Bramson indicates that for brass, copper 
and other metals, sandblasting the surface or working the 
surface with emery increased the emissivity somewhat. Based 
on this information several sheets of copper were sand- 
blasted to determine its effect on infrared current detection 
techniques . 
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Total hemispherical emissivity 




Figure 1. Graph compiled by Ozisik from 

data given by_Gubareff, Janssen, 
and Torborg / 4_/ showing the 
effect of oxidation on emissivity. 
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1 . Copper 



a. Method of Formation of Oxide 

It was decided to accelerate the oxidation pro- 
cess by heating the copper plate in an oven. It was found 
that an oven temperature of 300°C provided optimum condi- 
tions for oxidizing the copper. Higher temperatures yielded 
more fragile oxide coatings and the combination of high 
temperature and the difference in coefficients of thermal 
expansion for copper and copper oxide caused the oxide coat- 
ing to separate from the copper as the sheet cooled. Tem- 
peratures below 300°C obviously yielded slower oxidation 
formation. 

b. Results 

The length of time the copper was subjected to 

the high temperature, and thus the amount of oxide formed, 

was varied as well as the preparation of the surface of the 

copper prior to oxidation. Half wavelength square copper 

plates were oxidized to different degrees and attached to the 

aluminum ground plane with copper tape. The plates were 

aligned such that the angle of incidence of the wavefront 

was 45°. The plates were then radiated by an antenna 3.5 

wavelengths away at a frequency of 937.5 MHz, with an inci- 

2 

dent power level of 5 mw/cm . The plates were viewed with 
the AGA Thermovision 680 camera with these results. 

(1) Pre-Polished Copper Plate Heated for Five 
Hours . The plate showed slight evidence of heating after 
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being irradiated for approximately five minutes. The heating 
was minimal and very uniform, and difficult to detect. 

(2) Pre-Polished Copper Plate Heated for Nine 
Hours . The infrared emissivity increased with the increase 
in level of oxidation, but the amount of heating was again 
slight and uniform. 

(3) Copper Plate With Natural Accumulation of 
Oxide Heated in Oven for Three Hours . The plate showed 
slight heating when irradiated. The heating was less uni- 
form than with the other samples. The slight ncn-miformity 
of the heating was due to the non-uniform oxidation on the 
plate prior to additional oxidation in the oven. 

(4) Sand Blasted Copper Sheet, Unoxidized . 

The plate showed very slight and very uniform heating when 
irradiated. 

(5) Sand Blasted Copper Sheet, Oxidized in an 
Oven . The sand blasted copper sheet was heated for three 
hours and the infrared camera showed moderate, uniform 
heating when the sheet was irradiated. After six hours of 
heating, the infrared camera showed an improvement in the 
amount of heating due to the incident electromagnetic radia- 
tion, but the heating remained very uniform. As predicted, 
oxidation and surface roughness increased the emissivity, 
but not the applicability to current detection. 

2 . Brass 

a. Method of Formation of Oxide Coating 
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The oxidation process of the brass plate was 
accelerated in an oven in the same manner as the oxidation 
of the copper. For the same reasons that 300°C was an op- 
timum temperature for copper plates, 490°C was found to be 
the optimum temperature for oxidizing the brass plates. 
Higher temperatures caused the plates to deform and the 
oxide coats were too fragile to be handled. The difference 
in the coefficients of thermal expansion of the brass plate 
and the oxide coat caused the coat to separate from the 
brass as it cooled. Lower temperatures yielded slower oxi- 
dation formation. 

b. Results 

As with the copp'er plate, the length of time the 

brass was subjected to the high temperature, and thus the 

amount of oxide formed, was varied. Half wavelength square 

brass plates were oxidized to different degrees and attached 

to the aluminum ground plane with copper tape. The plates 

were aligned such that the angle of incidence of the wave- 

front was 45°. The plates were then irradiated by an 

antenna 3.5 wavelengths away at a frequency of 937.5 MHz, 

2 

with an incident power level of 5 cm/mw . The plates were 
viewed with the AGA Thermovision 680 camera with these 
results . 

(1) Brass Plate Heated for Three Hours in Oven . 
The plate showed no appreciable evidence of electromagne- 
tically induced heating even after lengthy irradiation. 
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(2) Brass Plate Heated for Six Hours in Oven. 



The plate showed no appreciable evidence of electromagne- 
tically induced heating even after lengthy irradiation. 

B. USE OF COPPER SULFIDE AS SURFACE PREPARATION 

1. Method of Application 

Half wavelength square copper plates were first 
mechanically cleaned with fine sandpaper to remove oxidation 
and surface contamination. After cleaning the plates were 
immersed in a moderately concentrated solution of zinc 
sulfide (ZnS) . The entire plate was immersed in the solution 
at the same time in order that the cooper sulfide coating 
would develop with uniform thickness on the plates' surface. 
After ten minutes the plates developed a thin, very black 
coating of copper sulfide. This procedure was conducted in 
a chemical fume hood. 

2 . Results 

The half wave length square copper plate with the 

copper sulfide coating was attached to the conducting ground 

plane with copper tape 3.5 wavelengths from the radiating 

antenna, with the angle of incidence of the wavefront 45° 

from the normal of the plate . The incident power at the 

2 

plate was 5 mw/cm . After prolonged periods of irradiation, 
no appreciable heating was detected with the infrared camera. 

C. RESISTIVE COATINGS AS PREPARATIONS FOR METAL SURFACES 
Poor conductors (high resistance) are better suited to 
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infrared surface current detection procedures than good 
conductors since for a given current distribution more heat 
is generated, and the more heat generated the easier the 
current is to detect. Accordingly, coatings with much 
higher resistance than metals were tested as surface prepara- 
tions for metal scatterers. 

1. Television Tube Koat 

Television Tube Koat is an aquadag coating manu- 
factured by GC Electronics of Rockford, Illinois. It is 
lacquer based and available in aerosol spray and brush on 
form. It dries to a flat black finish and has good infrared 
emissivity. Its conductivity, as determined by procedures 
outlines in paragraph II. C. , was found to be 160 mhos per 
meter. 

a. Method of Application 

The Television Tube Koat was sprayed onto the 
copper plate to form a uniform coat. The thickness of the 
coat was varied up to .026 mm and the resistive coat was 
placed both directly onto the copper plate and with an in- 
sulating layer between the copper and the Television Tube 
Koat. 

b. Results 

The half wavelength square plates with Tele- 
vision Tube Koat were placed on the conducting ground plane 
3.5 wavelengths from the antenna and connected with copper 
tape. The plates were aligned so that the angle of incidence 
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of the wavefront was 45°. The incident power level at the 
plate was five mw/cm . The plates were then irradiated for 
approximately five minutes each at a frequency of 937.5 MHz. 
For all thicknesses, with or without the insulating layer, 
moderate levels of uniform heating were observed. The 
heating was not sufficient to produce a good contrast with 
the background surfaces. 

2 . Carbon (Soot) Coating 

4 

Carbon has a conductivity of 10 mhos per meter, 
although in the less dense form of soot the conductivity will 
be lower. Carbon is an excellent emitter in the infrared 
region, with an emissivity of .93. 

a. Method of Application 

An oxygen-acetylene torch burning with the oxygen 
turned off produces large quantities of soot. The flame of 
the torch was moved across the surface of the metal plate 
and the soot deposit was built up in this manner. This 
method of application did not yield as uniform a layer of 
soot as desired, but sufficiently uniform so that contours 
arising from non-uniform coatings would not overshadow heat- 

[1 

ing contours which might arise from induced current distri- 
butions . 

b. Results 

The soot-covered plates were attached to the 
conducting ground plane with copper tape at a distance of 
I 3.5 wavelengths from the radiating antenna. The plates were 
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aligned so that the angle of incidence of the wavefront was 
45°. The incident power was five mw/cm . The plates were 
irradiated for approximately five minutes at a frequency of 
937.5 MHz. For the brass plate coated with soot, there was 
little appreciable heating when irradiated. The copper plate 
showed some uniform heating when irradiated. A layer of 
Television Tube Koat, discussed previously in paragraph 
Ill.C.l.a., was applied on top of the soot coating on the 
copper plate. This combination yielded greater heating 
effects when radiated, but all heating was absolutely uni- 
form. 

3 . Teledeltos Paper 

Teledeltos paper is a resistive paper, R =2000 ohms 

s 

per square, with a thickness of 8.76x10 5 meters. This 
yields a conductivity of 5.7 mhos/meter. This gives a skin 
depth, 5, of 6.94x10 ^ meters. Teledeltos paper has been 
shown to be effective in infrared current detection proce- 
dures when placed on a non-conducting surface / — 2_7- 
a. Method of Application 

Teledeltos paper can be applied easily and uni- 
formly to flat plates, and can be applied in large thicknesses 
much more easily than the lacquer-type resistive coatings. 

In this case, 80 sheets of Teledeltos paper were attached to 
a half wavelength (16cm) square copper plate. This thickness 
was 13.8x10 ^ meters, two skin depths thick. This plate was 
then placed on the conducting plane 3.5 wavelengths from the 
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antenna at an angle so that the incident wave arrived at the 

plate at an angle of 45°. Electrical connection with the 

ground plane was made with copper tape. The plate was then 

irradiated for several minutes at a frequency of 937.5 MHz 

2 

with an incident power level of five mw/cm . 
b. Results 

After several minutes of irradiation, the Tele- 
deltos paper-covered plate showed isotherms in the areas 
where current densities were known to be at a maximum, but 
areas where current densities were known to be weaker were 
completely unchanged, and remained black, or cold, on the 
infrared camera display. This small amount of heating was 
slow to develop also. The resulting display did not repre- 
sent the current densities that were known to exist for a 
flat plate scatterer. 

D. ANALYSIS OF RESULTS OF METAL SURFACE PREPARATIONS 

None of the surface preparations of the metal plates 
yielded satisfactory results. No evidence of heating con- 
tours (and hence surface current distributions) was pro- 
duced with any of the surface preparations except the very 
thick layers of Teledeltos paper. Oxide coatings tended 
to increase the emissivity, with heavier oxide coatings 
yielding greater increases, as predicted by previously dis- 
cussed experimental data. Surface preparations which in- 
creased the roughness of the surface, as did the sandblasting. 



26 



or decreased the reflectivity,, as did the Television Tube 
Koat and soot also yielded increased emissivities as pre- 
dicted. This increased emissivity was manifested in the 
greater evidence of heating detected on the plates. However, 
even the most dramatic of these increases in emissivity pro- 
duced only slight heating in the plates, all of it very uni- 
form and difficult to distinguish from the background. 

The thick layer of Teledeltos paper (d=26, approximately 
14mm) covering was very slow to respond and produced heating 
contours which were limited to the areas where it was known 
that the maximum current densities were located. This in- 
dicates that there are two factors involved in the heating 
process, one involving electromagnetic properties of the 
material such as electrical conductivity and frequency of 
the incident wave, and another factor involving thermal 
properties of the material, such as thermal conductivity. 

The combination of these two properties imposes certain 
restrictions so that the use of preparations for metal sur- 
faces for infrared current detection will be achievable only 
by the use of a surface coating within very specific thermal 
and electromagnetic parameters . 

The electromagnetic problem will be approached by first 
examining the characteristics of a perfect conductor. It is 
known that for an electromagnetic wave incident on a perfect 
conductor, the wave is entirely reflected and none of the 
energy of the incident wave is transmitted to the perfect 
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conductor. Since there is no loss in a perfect conductor, no 
energy is absorbed. As the conductivity, a, decreases from 
infinite, the electromagnetic wave begins to penetrate the 
conductor, but a good conductor sharply attenuates the wave 

and there is virtually no energy absorbed past the point 

-4 

where the attenuation is equal to e , or four skin depths. 
The skin depth, 6, of a good conductor is approximately 
6 = /2/coya meters 

The skin depth is defined as the depth at which the inci- 
dent wave has been attenuated to 1/e, or approximately 37% 
of the value transmitted across the boundary between the 
two media. For copper, the skin depth at 937.5 MHz is 

5 s /3i” ■ 2 - 15 > m 

The transmission coefficient of the air to copper boundary 
is .00000196/45^ for electric field. The ratio of the 
electric field to the magnetic field just inside the metal 
is n cu / the characteristic impedence of copper, and has a 
value of . 000369 /45° ohms. For most purposes this would be 
considered a zero impedence medium. Even taking the losses 
into account, only a very small amount of energy is trans- 
mitted from the incident wave and absorbed by the copper. 
Therefore the currents that are induced will be small and 
will produce very little heating. Additionally, the high 
thermal conductivity of the copper will cause this slight 
heating to be uniformly distributed at a very rapid rate , 
and the thermal effects of the induced currents will be very 
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difficult to detect. 



The situation that arises when a resistive coating is 
applied is illustrated in Figure 2. The wave incident on 
boundary one between the air and the resistive coating is 
partially reflected and partially transmitted. The portion 

that is transmitted is 

-a T z , je Tl % -jBz 
E t1 (z) = e ( | T x | e il E i )e 

j®Tl 

where | T Je is the magnitude and phase of the transmission 

coefficient of the electric field at boundary one. 



This can be expressed as 

-a z -j$z 
E T1 (z) = e E T i e 



, E 



D© 



Tl 



» T, E.e 



Tl 



where E T ^ is a complex quantity. 

Fields are attenuated in a lossy medium by a factor 

-az , 
e where 

a = Re {/ja))i (c+jws) } 

The transmitted waves propagate through the resistive coat- 

ing and are attenuated as e , where a is the attenuation 

T 

constant for the resistive coating. When the wave reaches 
boundary two, z=d, where the resistive coating and the 
copper join, the wave is once again partially reflected and 
partially transmitted. The magnitude of the reflection coe- 
fficient at boundary two is very close to minus one, even 
for the maximum value of a R for any resistive coating used. 
However, in order to perform an exact analysis of field dis- 
tributions, a resistive coating-copper boundary with a re- 
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X 




Figure 2. Cross section of copper 

plate with resistive coating, 
and the Electric Field profile. 
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for the electric field will 



flection coefficient | R 2 | e 



J© 



R2 



be considered. The corresponding transmission coefficient 



is | T 2 | e 



3© 



T2 



The reflected field at boundary two is 



Er 2 <z> = e 



-ci T (d-z) 



(E T1 S 



-a T d 



R2 I e 



D© 



R2 



) e 



j Bz 



-a T (d-z) 

where e is the attenuation for a wave traveling in the 

-z direction from z=d to z=0 . 

The electric field transmitted into the copper is given 



by 



-aTd 



E T2 (Z) = (E T1 S 



je^ “jBz 



t2 

T 2 |e iZ )e 



cu 



The total field in the resistive coating is given by 



E T0T =E T1^ z ^ + E R2^ z ^ ^ or z — neglecting any further re- 
flections . 



-«mZ 

E TOT =€ <l T il E i e 



j©Ti -j$ z -a T (d-z) 



') e 



+e 



<E T1 e 



•“T d |n , j *R2, 

I R 2 I e > e 



j Bz 



Since both the resistive coating and the copper are con- 

? 

ductive, the current density J, in amperes/ m is given by 
J = ae, where a is the conductivity of the resistive coating 
and a cu is the conductivity of copper. 

The current density in the resistive coating is given by 



— ct z 

J R (z) = e T (° R |T 1 |E i e 



3©Ti ~j$ z -a T (d-z) 



-a T d 

)e +e (a R E Tl e I R 2 



je R2. 



e ’) e 

and the current density in the copper is 



J cu (z) = (a ^.> E T’i l T ol e T 



-a rpd j © T2 - j Bz -a„„z 



cu Tl 1 2' 



) e 



cu 



31 



The amount of power absorbed, and hence the heating pro- 



duced in the copper can be found by examining the current 

density J of the copper. In the copper 1 •_ 1 _ . , the skin 

a 6 “ 0 

depth. 

-<* T d je_ 2 - (1+jl) z/6 
J cu ,2) - (a cu E Tll T 2l e e > e 

Total current per unit width in the y direction is 



r 



J (z)dz amperes 

CU — ; 

o meter 



-ad 

°cu E Tl T 2 l e e 



^®T2 J 



-z/6 (1+jl) 



dz 



a T d 3& T2 , -6 , -d+jl)z/fi 



• I T I / —o 

Integrating, a cu E Tl | T 2 |e 1 e 



=a cu E Tll T 2 l e 



-a T d 6 jir/4 je T2 
e 



- e ^ a cu E il T lllT2|e 



ife +e ) — 

3 (e Tl ®T2 ) ^ e 



_a T d , ,, , j (e Tl +e T2 " 1T / 4 ) 

e I T x | | T, | _6. e Tl 

/2 



total current _ d ~ a T d a E \ T [ 1 T 2 | 6 , t , _ 45 o, 

unit width a c - u 1 — ± — cos iwt+e Tl +e T2 45 ) 

/2 

Now is this were distributed uniformly over a thickness, 6, 

_Ct T d 2 

6 = e a cu E i ' T 1 1 I T 2 I cos (wt+e) amp/m 



where e = (e T ^+e T2 -45 )• J is uniform over the thickness 6. 
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Instantaneous energy absorbed per unit volume = 
J 2 -V d <’cu E i 2 | T l| 2 | T 2| 2 ...2 



J /o watts 

3 

m 



= e 



cos (wt+o) 



cu 



2 1 

The average value of cos (wt+e) = -j. 



Average power absorption per unit volume is given by 

P 0 cu E i 2 | T ll 2 | T 2l 2 -“T 2d watts 
vol - 4 m 2 

The power absorption in a volume unit x unit x 6 yields 
the power loss per square meter of surface area of the resis- 
tive coating - copper boundary. 



P . a cu E i. 2 1 T 1 1 2 1 T 2 I ^ „-“T 2d 

- ' r Q 

2 4 

m * 

Values of these constants for typical resistive coating 
are as follows: 

1. | T 1 | (at boundary of air and resistive coating) =. 0356 

2. j T^ | (at boundary of resistive coating and copper) = . 00331 

3. a = 5.8 x 10 7 mhos/m 

cu 

4. a T = 1.09 x 10 3 irf 1 

5. 5 t = 9.18 x I0~ 4 m 

These values give an absorption in the copper of 

P -7 2 2 

— j = 4.35 x 10 e E. watts/m z 

in 1 



for d = 26, 



33 



-| = 7.97 x 10“ 9 E. 2 watts /m 2 
m 

for d = .05<5 t 



— = 3.9 3 x 10 ^E. 2 watts/m 2 
m 



So the power absorbed in the copper varies from 3.93 x 
-7 2 

10 E^ watts per square meter of surface area of the re- 
sistive coating for a thin resistive coat (d=.056) to 7.97 
-9 

x 10 watts per square meter of surface area for a sheet of 
resistive coating two skin depths thick. 

Consider now the power absorbed (and the heating pro- 
duced) in the resistive spray. 

“<* T z , j© Tl “j&z -a (d-z) -a d 

J R (z) = e (a R |T 1 |E i e iX )e +e T (aE T e | R 2 | 



j® R2 j6z 



) e 



J R (z) 



— ot z 

e T (a R |T 1 |E i e ^ )e 



3© Tl% “ j Bz -a T (d-z) 



+e 



(a Rl T ll 8 



D © 



T1 



“ a T d , , 

E ie T |R 2 | e R2 )e 



J R (z) 



3© 



a R l T i| Ei e 



Tl 



-a z - j 3z 
(e e 



-a (d-z) -ad 
e e | R2 



e 



3© 



R2 



j 8z 
e 



) 



J R (z) 



jo . -z(a T +j$) -2a d 

a R | T i | Ei e iX (e +e | R 2 



jo R2 z(a T +j8) 
e e ) 
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Total I 
unit width 



jo 



a iJ T ! ' E i e 



Tl 




-z (a +jB) 
e dz 



+ 




- 2 a T d z(a T +jg) 
e e 



R„ 



e D R2 dz 



amps 

m 



= a^T^E.e' 



D® 



Tl 



-z(a T +j 6 ) 



- (a T +j 3 ) 



DO 



R 2 e 



R 2 



- 2 a_d 

T 

e 



d 

z (a T +jg) 
e 

a T +je 

o 



amps 

m 



°Rl T ll E i e 
“ T +je 



jo T i 



-d(c H-jB) j » R2 - 2 c d 

i + 1 + | R 2 | e e 



(e 



d(a_+j 6 ) 



- 1 ) 



amps 

m 



This can be expressed as 



I Total °r! T 1 I E i 



unit width 



/2 a„ 



cos(wt -45 ) - | R 2 | e 



- 2 a T d 



a T^ 1 1 

- e cos (ajt+<|) 2 ) + | R 2 | e cos (ajt+<j>^) 



cos (a)t+$ 2 ) 



amps 

m 
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where <f>^ = ®Tl +e R2~ 45 ^2 =e Tl~ 45 and 

+3 = °T1 + ®R2 ■ 45 ° 

Distributed uniformly over a depth, 5, 



j , _r . g R l T il E i 

m 2 /I a„S 



-2a d 

cos (ajt-45°) - | R 2 | e cos (ajt+4> 2 ) 



— a_d 2a_d 

- e cos (tut-i-4) ^ ) + 1 R 2 IS cos (aitt^) 



amps 

2 

m 



yields instantaneous power loss 



Taking the time average of — yields the following expression 
for total average power absorbed per unit volume in the re- 
sistive coating. 

-4a m d 



.2 . _1 = ^R^llV 

a R 2a T 2 6 2 



-2a T d 



1 + 1 + 

2 2 2 



o -4a d 

K 2 | 2 e T 



- 2 a T d O a T d O , " 2 a T d 

R 2 | e cos (<J> 3 +45°) -e cos (<f> 2 +4 5°) + | R 2 | e 



cos(cf)j|-45 ) 



w 



m 
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The following values of material parameters are typical 



for the resistive coatings used. 



1. 


R 2 / 9 R2 = 


.9969 


/180 . 001° 


2. 


T 1 /®T1 = 


.0356 


/44 . 27° 


3. 


c R = 160 


mho/meter 


4. 


6=1 

a T 


= _1 
3 t 


= 9.18 x 10 



The power absorbed per square meter of resistive coating 
is given by 



I 

~7 

m 



2 




watts 

2 

m 



Examining this power absorption for d = .055, approxi- 
mately .05 mm, we find the total power absorbed by the re- 

-7 2 

sistive coating to be 9.819 x 10 E^ watts per square 

meter of surface area of the coating. For a thickness 

d = 26, the power absorbed by the resistive coating is 
-5 2 

8.842 x 10 E^ watts per square meter of surface area, 
almost one hundred time greater than the power absorption 
of the thinner coating. 

It is seen that the power absorption in the resistive 
coating varies with the thickness. For a thin layer there 
is very little attenuation, and due to the minus one reflec- 
tion coefficient at the resistive coating - copper boundary, 
the values of the incident and reflected wave within the 
coating very nearly cancel . As the thickness of the re- 
sistive coating approaches twice the skin depth of the 
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resistive coating, there is a much greater attenuation for 
both the incident and reflected wave. Because of this 
attenuation the magnitudes of the incident and reflected 
waves are not the same, there is much less cancellation, and 
the resultant fields in the resistive coating are much 
stronger. This results in more power loss in the coating 
and more heating produced. 

Recall that when a 26 thickness of Teledeltos paper was 
applied to the copper plate, temperature profiles were pro- 
duced, but only in the area where current densities were 
known to be of large magnitude. Most of the surface of the 
plate did not produce temperature changes of sufficient 
magnitude to be detected. The requirements resulting from 
electromagnetic aspects of this problem were satisfied but 
the thermal aspects of the problem prevented a sufficient 
rise in surface temperatures. 

In order to investigate the temperature distribution and 
thus find the surface temperatures that result on the flat 
plate scatterer the power per unit volume as a function of 
z must be known. The formula for the current density as a 
function of z and t in the resistive coating was found to be 

-a z 

J R ( z , t) =a R | T ± | E i cos (odt-B R z+e Tl ) e + 

-a (d-z) -ad 

e ( a R E i I T i 1 I R 2 I e c °s ( a3t+ $ R z+e R2 +e T1 ) 
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